The photocatalytic hydrogen production of CdSe nanocrystals (1.75-4.81 nm) in the presence of aqueous sodium sulphite depends exponentially on the bandgap of the particles, confirming that the material's activity is controlled by the degree of quantum confinement.
Among direct solar energy to fuel conversion processes, the sunlight-driven water splitting reaction holds the greatest promise.
1,2 While solar water splitting has been achieved with 12.4-18.8% efficiency using Tandem 3 and multijunction photoelectrochemical cells, 4 the search for stable and inexpensive photocatalyst materials is ongoing. Nanoscaling of the light absorber can be of merit in cases of low conductivity and when charge carriers have short lifetimes. [5] [6] [7] [8] In addition, nanoscaling also offers an opportunity to adjust the energetics of the system via quantum confinement. Even though the effect of quantum confinement on the optical properties of small particles has been known for over twenty years, [9] [10] [11] it has only recently been applied to controlling charge transfer in photovoltaic cells. [12] [13] [14] For photocatalytic water splitting, the effects of quantum confinement have been established only qualitatively. [15] [16] [17] According to Gerischer theory, 18 a widening of the semiconductor bandgap is expected to increase the electron transfer rate between a semiconductor and a redox couple in solution, because the thermodynamic potential of the photogenerated electron-hole pairs is raised. In this paper we provide the first experimental confirmation of a direct relationship between the degree of quantum confinement and the photocatalytic water splitting activity in a semiconductor quantum dot system. To study the phenomenon, monodisperse CdSe nanocrystals (NCs) of sufficient stability and solubility in water proved essential. Suitable materials are accessible using the synthesis by Rogach et al., 19 which employs 2-mercaptoethanol (MCE) as capping agent. Particles with variable size were obtained by combining cadmium perchlorate, MCE, and sodium hydrogen selenide at pH 12 in an initial molar ratio of 1 : 0.5 : 2.4 (Cd 2+ : Se 2À : MCE), then heated to reflux for 2 h. Size refinement of the crude product mixture was performed using size selective precipitation with isopropanol as the nonsolvent. Samples were used within one month of preparation to minimize oxidation of the capping agent, which affects the rate of hydrogen production. The optical bandgaps of these dots ( Fig. 1, Table 1 ), ranged from 3.1 eV (400 nm) to 1.7 eV (720 nm) and conformed to the expected relationship between bandgap and size (Fig. 2B) . Additional HR-TEM and XRD data ( Fig. 2) confirmed single-crystallinity of the dots, and a cubic zinc blende structure type with increasing broadening of the diffraction peaks for the smaller sizes.
To quantify the photocatalytic water splitting properties of the dots, irradiation tests were performed on 50 mg samples dispersed in 100 mL of 0.1 M Na 2 SO 3 solution (sodium sulphide was ruled out as a sacrificial electron donor because it caused aggregation and fusion of the dots). After removing residual air through several vacuum purging/argon refill cycles, reaction mixtures were irradiated with light from a 300 W xenon arc lamp (400 mW cm À2 at flask surface), while H 2 content was analysed with a gas chromatograph (60/80 Å molecular sieve column and thermal conductivity detector). Borosilicate glass flasks were used to filter out the light o320 nm that would cause direct sulphite decomposition. Background checks confirmed that no H 2 evolution took place without the CdSe catalysts. To ensure accuracy, catalysts amounts were measured gravimetrically after each irradiation experiment by acidification of the solution and drying the precipitate at elevated temperature. Fig . 3A shows hydrogen evolution versus time for various catalyst samples at equal mass. As can be seen, hydrogen evolution is observed only after an initial warm-up period that lasts about one hour. During this time, the solution assumes a cloudy brown appearance, and small amounts of H 2 Se gas can be detected with the gas chromatograph. These observations are indicative of the formation of Cd metal as has been seen for other II-VI semiconductor materials under similar conditions. 20 After the warm-period, the hydrogen evolution rate becomes linear and steady. When a sample of 32 mg of 2.38 nm diameter CdSe QDs is irradiated in 0.5 M Na 2 SO 3 for 24 h, it produces a total of 290 mmol of H 2 , equivalent to a turnover number of 1.65. This suggests that H 2 evolution under these conditions is catalytic.
In Fig. 3B , the steady-state H 2 evolution rates from Fig. 3A are plotted with respect to particle size. The graph reveals three distinct areas of activity. Dots equal to or larger than 3.0 nm have zero activity, dots with sizes between 2.25 and 3.0 nm show an increase in activity with decreasing size, and dots below 2.25 nm, show a decrease of activity with decreasing size. The diminished activity in the small size regime can be explained by the decrease in photon absorption at higher energies. As the QDs get smaller, their visible light absorption decreases due to widening of the band gap. Additionally, the emission intensity from the Xe lamp drops off significantly below wavelengths of 475 nm. In order to account for reduced photon absorption by the smaller dots, the rate of H 2 production for each sample was adjusted using the overlap integral between the Xe emission spectrum and the respective QD absorbance, as shown in the insert of Fig. 3C . When the normalized rates are plotted in Fig. 3C versus size, they all fall within a single regime, showing a constant decay of H 2 evolution rate with increasing particle size. This suggests that the activity is a direct function of the energetics of the particles. Fig. 3D is a logarithmic plot of the normalized rates against the band gap energy of the dots for each sample. Except for values below 2.4 eV, all data points lie on a straight line, demonstrating a logarithmic dependence between catalytic activity and band gap. This relationship is expected from Gerischer theory for electron transfer at illuminated semiconductor-electrolyte interfaces. 18, 21 According to the theory, the rate constant k Red for electron transfer from the semiconductor to the acceptor (the proton) depends on the thermodynamic driving force DG for charge transfer, according to
Here, DG is the difference between the conduction band edge potential and the proton reduction potential
Red is constant; additionally, E G p E CB , thus, k Red p exp (E G ), which is in agreement with the data in Fig. 3D . The same considerations also apply to the hole-transfer kinetics involving the semiconductor valence band and the sacrificial electron donor (see TOC Figure) . As the band gap increases, the valence band edge becomes more oxidizing, leading to an increase in the thermodynamic driving force for sulphite oxidation and to faster kinetics, as captured in the equation. At low driving force (small E G , large QDs), the reorganization term l in the equation becomes more important, causing the deviation observed in Fig. 3D at E G o 2.4 eV.
Lastly we mention that irradiation experiments carried out in the presence of excess capping thiol (and sulphite) yielded no hydrogen, indicating that electron transfer at the QD-electrolyte interface is slowed down by the capping layer. Also, sulphite is less reactive with metal chalcogenides than sulphide. Both of these factors explain the overall low H 2 evolution activity of the QDs in comparison with CdSe nanoribbons, for example. 15, 16 In conclusion, we demonstrate for the first time a quantitative relationship between the degree of quantum size confinement in suspended nanocrystal dots and their photocatalytic water splitting activity. The results emphasize the dependency of the charge transfer kinetics on the thermodynamic driving force of the reaction, as predicted by theory, and the possibility of fine-tuning photocatalytic activity through particle sizing. These findings are important for optimizing photochemical energy conversion with semiconductor nanostructures.
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